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INTRODUCTION 
Many industrial wastes have high biochemical oxygen de­
mands. If not treated these wastes can support and stimulate 
microbial activity in receiving waters causing a rapid con­
sumption of the dissolved oxygen. Unless oxygen is resup­
plied to the water and resupplied at a sufficiently fast rate, 
fishes, insects, and other marine organisms die. This leads 
to the further undesirable growth of anaerobic microorganisms. 
Many wastes can be treated effectively by biological ox­
idation. By this process microorganisms grow in the waste 
medium consuming waste materials and large quantities of ox­
ygen, which must be supplied to the liquid medium. The prob­
lem is to get a sufficient quantity of oxygen into the broth 
rapidly and economically. Unfortunately the rate of oxygen 
absorption and economy usually work against each other and a 
compromise must be made based on the oxygen absorption rate, 
operating costs, and capital costs. 
One additional problem associated with treating some 
waste is in controlling foam formation. Usually expensive 
antifoam agents are used which adversely affect the economics 
of a treating process. 
In the present study, correlations were obtained for oxy­
gen transfer rates, power and air flow rates for various de­
sign configurations and aeration conditions of an induced 
draft aerator (or vortex aerator) with foam recycling capa­
bility. Three methods of determining rhe volumetric mass 
transfer coefficient K^a were used: 
1. Non-steady state reoxygenation using a poLarographic 
electrode, 
2. Sulfite oxidation, and 
3. Non-steady state oxygen utilization using Saccharo-
myces frsRilis on cheese whey. 
Results show that the recycling of foam increases oxygen 
absorption rates and reduces or completely eliminates the 
need for antifoam agents while maintaining absorption effi­
ciencies. These results should lead to a better understanding 
of induced draft aeration and provide engineering design and 
scale-up data. 
3 
LITERATURE REVIEW 
industrial waste waters are an increasing threat to our 
environment and health. Unless a concerted effort is made to 
treat these wastes we stand to lose much of what we enjoy 
today; fresh air, clean water for drinking and recreation, 
and plentiful wildlife and fishes. Efforts are being made, 
however, through federal, state, and local governmental agen­
cies, educational and research institutions, and private 
enterprise to: 1. understand the causes of pollution, 2. de­
termine acceptable levels of waste pollutants, and 3. de­
velop economical equipment capable of treating wastes so that 
their effluent meets established standards. 
There are many techniques employed in the treatment or 
removal of potential water pollutants (1). These treatment 
methods include among others; 
1. Chemical treatment for reduction and precipitation, 
for coagulation, or for ion exchange removal. 
2. Foam separation or fractionation. 
3. Adsorption. 
4. Chlorination. 
5. Biological waste treatment which utilizes anaerobic 
and/or aerobic microorganisms. 
The type of treatment depends upon the composition and quan­
tity of waste to be treated. For adequate waste removal irom 
water it is usually necessary to employ a combination of treat-
ment processes and not just one. However, of major concern 
for the present investigation is the process of aeration for 
biological waste treatment. 
Biological treatment is possible when the wastes can be 
consumed by microorganisms. Many organic substances and some 
inorganics can be treated by this method. If left untreated 
waste substances in water react directly with dissolved oxy­
gen, or indirectly through aerobic microbial action reducing 
the oxygen level in receiving waters. Since the solubility 
of oxygen in water from the atmosphere at 20°C is only 9.2 
PPM, it does not take a high concentration of pollutants for 
microorganisms to reduce the dissolved oxygen (DO) level below 
5 PPM, where fishes begin to die (2). In fact for adequate 
spawning, DO levels as high as 7.6 PPM are sometimes necessary 
(2). At very low DO levels other marine and plant life die 
and the growth of anaerobic microorganism is rapid, forming 
products such as methane. 
The amount of oxygen required for a waste substance is 
measured quantitatively by chemical oxygen demand (COD) or 
biochemical oxygen demand (BOD). The BOD test is based on the 
amount of oxygen consumed by a microbiological culture growing 
in the waste over a five day period. The COD test indicates 
the total quantity of oxidizable compounds present in waste 
solution oxidizes organic matter and provides a measure of the 
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oxygen equivalent. The COD determination is rapid and useful 
when correlated with system parameters. However, it usually 
correlates rather poorly with the BOD which is a measure of 
the potential harm a waste exerts in receiving waters. For 
examples, COD of cheese whey is about 55,000 mg/liter (3) and 
its BOD is about 32,000 mg/liter (4). BOD of raw domestic 
sewage, averages 225 mg/liter (1, P. 209). Standard proce­
dures for COD and BOD determination can be found in official 
publications of the Water Pollution Control Federation (5, pp. 
415-421). 
For large volumes and/or high strength wastes, aeration 
is required for adequate BOD removal. Obviously the type of 
system required depends on many factors. For the large 
volume or high strength wastes diffused air and mechanical 
aeration systems are often employed. Various types of these 
aerators and their performance will be described later in the 
section on aeration systems. 
A secondary function of aeration is to eliminate volatile 
material in the waste water. These materials may be initially 
in the wastes or they may be the metabolates produced during 
biological treatment. The air which is not absorbed during 
aeration strips out volatile compounds such as carbon dioxide, 
various alcohols, aldehydes and acids and other metabolic 
products. The accumulation of these products in thp. medium 
may affect the rate of biological treatment as well as pro­
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ducing an undesirable waste effluent. 
Although there will be an obvious slant, in the present 
work, towards the application of aeration to biological sys­
tems much of the following discussion is applicable to other 
chemical processes and reactions. For example, the absorp­
tion of oxygen into a waste for biological oxidation is anal­
ogous to the heterogeneous catalytic hydrogénation of liquid 
hydrocarbons. 
The treatment of wastes is usually expensive. Conse­
quently final investment decisions on what type of treatment 
methods to use and equipment to buy are made on an economic 
basis. Investment proposals are made up of alternatives 
based on design estimates using such variables as oxygen re­
quired, oxygen absorption rates and absorption efficiencies 
provided by equipment, amount of land available, and volume of 
waste to be treated. It is necessary therefore to have a good 
design estimate to achieve the goal of minimum cost. Good 
estimates can only be achieved through the judicious applica­
tion of theory to available experimental results. 
In the next section mass transfer theory is developed. 
The following section presents experimental correlations for 
bubble aeration and their relationship with present theories 
where applicable. The remaining three sections of this re-
vip.w discuss thp pffp.nt mf sii'rfarp ar.tivp aaents nn mass 
transfer, various aeration systems and their performance, and 
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the utilization of cheese whey using Saccharomyces fragilis. 
Mass Transfer-Theory 
For aerobic biological waste disposal, gaseous oxygen 
(usually from air) must be dissolved in a liquid medium where 
it is consumed by microorganisms. The process, called bio­
logical oxidation, can be described by the reaction: 
Substrate + oxygen + microorganism Products. 
Oxygen is consumed by the organisms producing ?uch compounds 
as CO2 and water and/or perhaps other metabolates. The types 
of products depend upon the wastes, the organisms selected, 
and the process conditions. During the process organisms con­
sume inorganic nutrients and organic compounds sustain their 
metabolic functions and often produce new cell bodies. These 
cells may be rich in valuable intracellular chemicals, vita­
mins, or proteins which may possibly be recovered as a by­
product. 
Usually the limiting step in a controlled biological 
process is the rate at which oxygen can be absorbed in the 
liquid medium. The oxygen level in the medium must be main­
tained above a critical oxygen level in order to achieve a 
maximum respiration rate. An example is shown in Figure 1 
with actual data from the literature. 
There have been a great deal of theoretical and experi­
mental investigations on gas-liquid interface mass transfer. 
8 
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Figure 1. Critical oxygen concentration for yeast. Data of 
Hixson and Gaden C6') 
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The theory and experimental results are by no means limited 
to the absorption of oxygen into water but are applicable to 
many other systems. 
Figure 2 shows a schematic of the oxygen concentration 
profile for a typical biological oxidation process. 
Cell wall Liquid film 
Gas film 
Liquid phase 
partial 
pressure 
Solid 
phase 
Gas 
phase 
Gas-liquid interface 
Figure 2. Oxygen partial pressure profile for a biological 
oxidation process 
As shown in Figure 2 the oxygen partial pressure in the gas 
phase is higher than in the liquid or solid phases. For such 
a case, not in equilibrium, a driving force for the mass trans-
fer of oxygen from "che gas ihase to the liquid phase and from 
the liquid phase to rhe soli- phase exists. The overall rate 
of mass transfer is proportional to the driving force times 
the mass transfer area divided by the resistance to mass 
transfer. For a series of resistances the rocal resistance is 
the sum of the individual resistances. The overall resisuance 
of the gas-liquid interface can be expressed as a sum in Equa­
tion 1. 
ij Lj IJ 
Here 1/K^ is the overall resistance to mass transfer at the 
gas-liquid interface and is the overall liquid mass trans­
fer coefficient, l/k^ is the gas phase resistance and H is 
the Henry law constant, while 1/k^ is the liquid phase resis­
tance, For the case of oxygen and water, H/k^ is very small 
in comparison with 1/k^ owing to the low solubility of oxygen 
in water. Consequently, is nearly equal to the liquid side 
mass transfer coefficient, k_. From here on k_ will be 
LI Li 
assumed to be equal to K^. 
The overall rate of mass transfer from the gas phase into 
the liquid pha^e is described by: 
V«a = ~ dit ~ K^a(C*-C) (2) 
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Figure 3. Effect of temperature on the solubility of oxygen 
in water from air at 1 atm. Calculated from (7). 
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Figure 4. Effect of solute on the solubility of oxygen in 
water at 2^C from air at 1 atm (8). 
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where V is the rate of mass transfer across the interface in 
mass/time/unit area, a is the interfacial area per unit volume, 
is the diffusivity of the gas in the liquid, (èC/èX)^_Q is 
the concentration gradient of solute at the interface, dC/dt 
is the overall rate of mass transfer in mass of solute/time/ 
unit volume, is the mass transfer coefficient in length/ 
time, and C* and C are the equilibrium and bulk concentrations 
of solute in the liquid in units of mass/unit volume. 
Both and a depend on the fluid dynamics obtained in 
the gas-liquid contacting equipment and on the physical prop­
erties of the fluid system and transferring solute. In addi­
tion generally depends on the rate of chemical reaction, 
if any. C* is the solubility of the solute in the liquid 
which depends on the temperature and dissolved salt concentra­
tion and varies directly with the partial pressure of the 
solute gas. Figure 3 and Figure 4 show the solubility of oxy­
gen from air at various temperatures and salt concentrations. 
In his theory on mass transfer without reaction (Film 
Theory) Whitman (9) postulated that close to the interface 
there is a stagnant film of thickness € through which simple 
molecular conduction is responsible for mass transport. The 
physical absorption coefficient for the liquid side (no 
reaction) was defined by : 
= T 
where is the diffusivity of the gas in the liquid phase. 
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Later Higbie (10) proposed a hydrodynamic model (Pene­
tration Theory) whereby the gas-liquid interface is made up 
of liquid elements which are brought up to the surface from 
the bulk of the liquid and vice versa by the motion of the 
liquid phase itself. He assumed that as long as the elements 
remained on the surface it acted like a stagnant film and the 
concentration of dissolved gas in the elements were equal to 
the bulk concentration when brought to the surface. Mass 
transfer for such a condition is governed by the unsteady 
state diffusion equation; 
= H (4) 
where t is the elapsed time from the first moment a new ele­
ment appears at the surface, and X is the distance from the 
interface into the liquid. Solution of Equation 4 leads to: 
(5) 
where t* is life (age) of surface elements. Equation 5 indi­
cates that the absorption coefficient is directly proportional 
to the square root of the diffusivity. 
Danckwerts (11) assumed that the probability for a sur­
face element to disappear from the surface in a given interval 
of time is independent of its age leading to: 
k J = V V  ( 6 )  
where S is the rate of surface renewal and 1/S is the average 
life of surface elements. 
Astarita (12) proposed to drop the distinction between 
the Higbie and Danckwerts models and defined an equivalent 
diffusion time t^ through the equation: 
Other hydrodynamic theories have been proposed but only 
two will be briefly mentioned. The first is the Film-Penetra-
tion Theory of Toor and Marchello (13). The authors show that 
the film concept and the penetration concept are not unrelated 
but rather are the limiting cases of a more general model. 
The second model is one developed by King (14). He considers 
a general model for mass transfer processes to and from a 
free gas-liquid interface involving concepts of surface re­
newal and eddy diffusivity near the interface. 
All of the mass transfer models mentioned above attempt 
to describe the process of physical absorption without simul­
taneous chemical reaction using measurable physical properties. 
Experimental evidence tends to give support to the penetration 
theory which predicts that the mass transfer coefficient is 
proportional to the square root of solute diffusivity in the 
liquid. However, some evidence indicates is proportional 
to a power higher than 0.5, thus giving support to other hydro-
dynamic models. 
(7) 
If simultaneous chemical reaction occurs with physical 
absorption the overall ruze o- ruas s transporc may be enhanced. 
Tne amount of increase depencâ on rhe rate of chemical reac­
tion. In a recent book Astarita (12) discusses rhe condi­
tions for and applications of simultaneous absorption with 
chemical reaction for various reaction regimes. The reaction 
regimes are based on the comparison of the diffusion time, 
(previously defined in Equation 7), with the reaction time, 
t^, defined below: 
where, following Astarita's nomenclature, r is the reaction 
rate, C is the actual concentration of the reactant considered, 
and C is the equilibrium reactant concentration in the bulk 
liquid. 
In analyzing mass transfer with chemical reaction the 
T f 
overall driving force for absorption is - C, where is 
the equilibrium concentration of the solute at the interface. 
The overall driving force can be broken down into two parts, 
t 
and - C, the first being the physical absorption 
driving force and the second being the reaction driving force. 
The relative magnitude of these two parts depends on the rel­
ative rates of the two processes, is a pseudo bulk con­
centration of the solute which gives the proper relationship 
between the two driving forces to account for the overall rate 
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of mass transfer. 
If © is defined as the liquid volume per unit interfacial 
area the specific rate processes can be compared using the 
overall driving force. For example, if: 
e-rCCg - C) >>K^-(C^ - C) (9) 
1 
where the difference - C is also used as the argument of 
r, we have : 
Analysis of Equation 10 leads to the condition that the ab­
sorption rate is controlled by the diffusion rate of the 
solute in the liquid. It has thus been called the diffusional 
regime. Astarita (12) discusses in detail other chemical 
absorption regimes and summarizes the conditions for the re­
gimes in a table which is reproduced as Table 1. Also given 
in Table 1 are the exponents for the various conditions which 
affect the overall rate of absorption as shown in Equation 11. 
A .^^2 R.o^3 % '^5 V •a cc a "(era) -r (11) 
where a is the interfacial area, 
©•a is the liquid hold up, 
is physical absorption coefficient, 
r is the rate of chemical reaction, 
CQ is the concentration of solute aL Lhe interface. 
Table 1. Regimes of chemical absorption^ 
Regime 
Kinetic e-r(C^ - C ) << K°-(C^ - C) 0 1 0 n 
Diffusional t <<: t << — 10 10 1 
u r r-o 
Fast reaction 1 < < -— << ° ^  10 0 1/2 5^ 
qC„ 
t b b 
Instantaneous reaction -r— >> r 10 10 0 
^Table reproduced from Astarita (12, P. 62). 
b • . ' is the bulk liquid concentration of reacting specie in the liquid, is 
the solubility of the gas in the liquid, and q is the stoichiometric coefficient. 
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Analysis of Equation 11 and data in Table 1 shows the 
significance of chemical reaction on the overall rate of mass 
transfer from the gaseous phase to the liquid phase. It is 
imperative therefore when analyzing the performance of an 
absorber to know exactly the chemical absorption regime in 
which it is operating. 
The fast reaction regime is gaining increased interest 
for use in determining the interfacial surface area in absorp­
tion equipment (15, 15, 17). This regime is used because the 
absorption rate is independent of (independent of diffusion 
time tg) and thus independent of the liquid phase hydrody­
namics . 
Mass Transfer-Experimental 
Mass transfer rates have been correlated as functions of 
various operating variables and fluid properties. Owing to 
the difficulty of measuring the interfacial area, the volu­
metric mass transfer coefficient, K^a, has usually been 
measured. Several experimental methods have been used to 
measure absorption rates and are discussed below. 
Non-steady state methods 
The reaeration method involves the stripping out of oxy­
gen from the liquid using nitrogen or the use of a trace of 
sulfite to react with thp. dissnlTrod oxygen. The Tr.ediurr. is 
then reaerated while following the instantaneous dissolved ox­
19 
ygen content. A polarographic electrode can be used to meas­
ure and record the DO level as a function of time. Using 
Equation 2, K^a can be determined from the slope of a semi-
logarithmic plot of the instantaneous concentration difference 
(C* - C) against time. 
Another transient response method recently introduced by 
Gal-Or et al. (18), involves a step change of the oxygen con­
centration in the inlet gas and following the change in the 
DO level with time. Again K^a can be determined from Equation 
2 as discussed above. Gal-Or's (18) method has not yet been 
applied to the determination of K^a in an active biological 
system. It appears that it may be a convenient way in deter­
mining an active K^a without harming the microorganisms. 
Bandyopadhyay et al. (19) followed the transient response 
of the dissolved oxygen concentration during interruptions in 
the aeration of a yeast culture. The equation governing the 
oxygen concentration in the fermentation broth is : 
where k is the specific oxygen utilization rate per cell and 
N is the total number of active cells per unit volume. When 
the aerator is turned off the interfacial area per unit 
volume, a, is reduced to zero. kN is obtained from the slope 
tem is then reaerated until equilibrium is reached. At equi-
(12) 
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librium dC/dt is zero and K^a is calculated directly knowing 
the values of the other variables. Bandyopadhyay (19) found 
that the activity of the culture was reduced if prolonged ox­
ygen starvation (2-10 minutes) occurred. 
Steady state methods 
The sulfite method introduced by Cooper, Fernstrom and 
Miller (20) is still very popular because the determination 
is simple. By this method the absorption rate is determined 
by following the catalytic oxidation rate of aqueous sodium 
sulfite. The absorbed oxygen reacts with the sulfite ion ac­
cording to the equation: 
2503^ + O2 —^280^'^ 
The reaction is catalyzed by cupric or cobaltous ions. Yagi 
and Inoue (21) using a polarographic method determined that 
the reaction is first order with respect to both oxygen and 
sulfite concentration. At high sulfite concentrations with 
respect to the oxygen concentration the reaction is regarded 
as pseudo first order with respect to dissolved oxygen. 
Westerterp et al. (15) reported that for a solution con­
taining 100 grams of sodium sulfite per liter at 30°C, and 
catalyzed with 0.001 gram mole/liter CoSO^, the first order 
reaction rate constant, with respect to oxygen, equaled 37,000 
— 1 
sec 
The absorption rate is measured by the back titration of 
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iodine with thiosulfate. For the sulfite system the reaction 
is sufficiently fast so as to make the DO concentration in the 
bulk of the solution equal to zero. Equation 2 is then modi­
fied to give: 
§ = V (13) 
dC/dt is found by taking 1/2 of the slope of the plot of the 
instantaneous sulfite concentration as a function of time. 
Knowing C* the value of K^a can then be determined. Usually 
K^a C* is reported as a "sulfite value" for the conditions of 
the test. 
Tsao and Kempe (22) followed the rate of production of 
gluconic acid during fermentation to obtain volumetric mass 
transfer coefficients for various operating conditions. Such 
a method accounts for the influence of a third (solid) phase 
on Kj^a. 
Measurements of absorption rates of carbon dioxide in 
aqueous solutions of sodium hydroxide and amines also have 
been made but have had the disadvantage of the high solubility 
of CO- as coirroared with oxygen. 
Experimental correlations 
For a given gas-liquid system, besides which will be 
discussed later, the way to increase the overall rate of ab­
sorption is to increase the interfacial area or increase the 
driving force. The driving force is controlled primarily by 
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the partial pressure of the solute in the gas phase. Econom­
ics generally eliminates the possibility of using pure gaseous 
oxygen or an increase in total pressure for the absorption of 
oxygen in water. So as a result absorption rates are con­
trolled and limited by the amount of interfacial area avail­
able in a gas-liquid contactor. Bubble aeration, with its 
potentially large surface area to volume ratio, has therefore 
been the subject of many investigators. Good reviews concern­
ing absorption from gas bubbles are given by Calderbank (8, 
23) and Resnick and Gal-Or (24). 
Calderbank (25) investigated the dispersion of gas bubbles 
in solutions of electrolytes and found that the mean bubble 
diameter related as: 
,0.6 
where CT is the surface tension, P/V is the power per unit 
volume, is the density of the continuous phase, H is the 
volume fraction of dispersed phase hold-up, and Ac andAd are 
the viscosities of the continuous and dispersed phases, respec­
tively. The interfacial area per unit volume, assuming spher­
ical bubbles, is given as: 
a = -^ (15) 
P 
Calderbank and Moo-Young (26) developed optical tech­
niques to measure the interfacial area in gas-liquid disper-
Z = 2.23[ 4 (14) 
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s ions. They were thus able co correlate the liquid phase mass 
transfer coefficients Li g^^-liquid dispersions. Their re­
sults for the mass transfer coefficient were correlated as: 
"sh = 0-42 (16a) 
or : 
= 0.42 Nq "1/2 (16b) 
^ _ z bc 
^ c 
for large bubbles with average diameters over 2.5 mm. For 
small bubbles with average diameters less than 2.5 mm: 
or: 
. . .. 1/3 FS. I. .  -L  O R\  /Q 
iC = 0.31 I S) «2^-2/3 (17b) 
Po 
where i\>i. is the Sherwood Number (Kr D_/Dn ), N^, is the Schmidt 
OIL Ij ^ 1 oC 
Number (-^c//>„D^), N^^ is the Grashof Number g/ 
y 2 Q 
c ), and N^^ is the Rayleigh Number gZ-^cD^). 
Calderbank.and Moo-Young (26) noted that as tne density 
difference between phases diminished, the Sherwood Number ap­
proached the value of 2. Allowing for this Equation 17 can be 
rearranged to give: 
Ng^ = 2.0 + 0.31 (18) 
From the correlations above Calderbank and Moo-Young con­
clude that the liquid phase mass transfer coefficients are in­
dependent of bubble size and slip velocity, and depend only on 
the physical properties of the fluids. In mixing vessels 
they found that the mass transfer coefficients are independent 
of the power dissipated by the agitator. This is an important 
conclusion and is confirmed by others (15, 24). 
It may be shown using Allen's velocity relationship for 
small gas bubbles (27): 
V_ = 
2 2 
t = 5 °p 
that Equation 18 is formally the same as that proposed by 
Froessling (28). Using Allen's relationship in the Froessling 
Equation it is seen that: 
1/3 
= 0.28 (^ ~S^ ) (20) 
"c 
Friedlander (29) solved the linearized Navier-Stokes equation 
for diffusion in the fluid surrounding a sphere moving in the 
Stokes region to give: 
1/3 
K, = 0.34 (&Af^) N_ "2/3 (21) 
Pc 
These two equations agree quite well with Calderbank's results 
(Equation 17b). For large bubbles (Equation 16) the mass 
transfer coefficient was shown to be proportional to the 
square root of the diffusivity as predicted by the penetration 
models (10, 11). Whereas for small rigid bubbles the mass 
transfer coefficient appears to be proportional to the two-
2 5  
thirds power of the diffusiviry. 
Equation 18 can be rewritten in the form: 
where D is the diameter of a bubble or organism. 
Equation 22 can be used to predict oxygen transfer rates 
at both the bubble interface and organism interface, Calder-
bank (8) summarizes that the mass transfer coefficient for 
transfer from the gas-liquid interface to the bulk liquid is 
given by: 
1/3 
(K_) = 0.31 8) (23) 
^ G-^L ^c 
and for transfer from the bulk liquid to the surface of a sus­
pended organism: 
2Ù, 
('V- „ = (24) 
Typical numerical values are (K. ) = 0,1 cm/sec, whereas 
^ L —^ S _ 
(K ) is approximately 0.01 cm/aec assuming = 2 x 10" 
" G-^L 
cm^/sec,/^^=1,0 g/cm^ andiAc=1.0 centipose. For most biological 
oxidation processes it should be evident for the above condi­
tions that mass transfer is limited at the gas-liquid interface 
and not ac the liquid-solia interface. it becomes particularly 
evident when it is realized that the organism liquid interfa-
cial area is very much Larger than the gas-liquid interfacial 
area. However, if cells agglomerate or grow as a film on some 
supporting medium, the liquid-solid interface may offer a 
significant resistance to mass transfer. Models for such 
conditions have been proposed by Blakebrough (30). 
The liquid film mass transfer coefficient will increase 
with temperature while the size of the bubbles formed in the 
system decrease. For bubble aeration systems Eckenfelder (1, 
P. 66) relates the effect of temperature on K^a at a tempera­
ture T to the KJB at 20°C as: 
iCa = ICa X 1.02^"^^. (25) 
^ (T) ^ (20°C) 
Kozinski and King (31) show that in the range of 28°C to 38°C 
Kj^a is proportional to the exponent of 0.039T, where T is in 
degrees centigrade. The results are nearly the same as those 
calculated at higher temperatures from Equation 25. 
During the process of bubble aeration, bubbles are formed 
near the bottom of the aeration tank and rise to the surface 
and break. Under highly turbulent conditions some bubbles are 
circulated downward while others are assisted upward. What­
ever the case may be, oxygen is continually transferred from 
the bubble into the liquid. The rate of transfer depends on 
the oxygen partial pressure difference in the bubble and the 
liquid, and the surface area available for transfer. Under 
the influence of the hydrostatic pressure the bubble is com­
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pressed, thus increasing the oxygen partial pressure and re­
ducing the interfacial area. As the bubble rises the surface 
area increases while the oxygen partial pressure is reduced by 
absorption and the change in hydrostatic head. These two 
effects are compensatory in character. Although the inter­
actions of C* and a on the absorption rate are complex Carver 
(32) states that when the variation in a and C* with time is 
small they can be reasonably accounted for by an averaging 
process. In this case C* can be calculated for the pressure 
conditions at the midpoint of the liquid column to compensate 
for the variation in the hydrostatic pressure. 
Calderbank (8, P. 165) summarizes that for sulfite oxida­
tion the variation in C* can be bracketed by the following two 
equations. 
For complete mixing of air: 
3E = *1,3^  (26) 
For plug flow of air: 
## = Kl,a (27) 
H In ^  
o 
where and P^ are the partial pressure of oxygen at the out­
let and inlet respectively and H is the Henry law constant. 
f f 4-  ^f 1  ^# Vv 1 r-r /-,/-» x-x •^ T—. /S  ^  ^ w—vs 
of gas in the form of bubbles has been studied in some detail 
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(33, 34). Results of these studies show that the presence of 
an insoluble gas has very little effect on the net rate of 
solution of the soluble gas in the bubble. For the case of 
an insoluble component, the partial pressure is lower than in 
the case for a pure soluble gas. However, as the bubbles rise 
the interfacial area decreases less rapidly and the net rate 
of transfer remains about the same. ' What this means is that 
net rate of oxygen transfer in a bubble absorber is almost the 
same when air is used as when pure oxygen is used at the same 
total oxygen flow rate. 
Effect of Surface Active Agents on Mass Transfer 
In a recent review Resnick and Gal-Or (24) discuss ex­
perimental and theoretical studies concerning the effects of 
surface active agents (SAA) on mass transfer. They conclude 
that only in exceptionally purified systems results of mass 
transfer studies are not influenced by surface active agents. 
Davies (35, P. 3) found that a protein concentration as low 
2 
as 1 mg/m of interface was enough to reduce the mass transfer-
coefficient per unit surface area by a factor of 2, stressing 
the significant effect of SAA on mass transfer. 
Schechter and Farley (36) divide the mechanisms by which 
interactions occur into two distinct groups. The first mech­
anism is referred to as an indirect interaction, involving a 
change in the hydrodynamics of a multiphase system with the 
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addition of SAA. The change in hydrodynamics thus alters the 
rate of mass transfer per unit interfacial area. The second 
mechanism is a direct interaction which creates some resis­
tance to mass transfer. Whether the interfacial resistance is 
due to direct molecular blocking or specific molecular inter­
actions is not known. However, some mechanism of molecular 
blocking apparently interferes with mass transport across a 
phase boundary. 
Surfactants also have a marked effect on the mechanism 
of coalescence of bubbles. Marrucci and Niodemo (37) using a 
porous plate gas distributor in a square column concluded that 
coalescence near the distributor determines the size of the 
bubbles in the column, and that coalescence is influenced by 
the nature and concentration of the agents in aqueous solu­
tion. The effect of the SAA is mainly due to electrical 
repulsive forces which hinders coalescence between bubbles 
brought in contact by the liquid motion. The addition of 
positive SAA tends to reduce the rate of coalescence, thus re­
ducing the average bubble diameter in an aerator. As a result 
the interfacial surface area and gas hold-up are increased. 
Antifoam agents have a negative effect on coalescence and thus 
encourage coalescence. Although the mass transfer coefficient 
may be reduced by SAA agents, the interfacial area, a, is 
T "n r» q Q i cm n -FT "f-l T7 -J-Ka-h /roTT-» -î-n n-n t-o T oT 
area more than compensates for the inhibition effect of SAA on 
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rhe mass transfer coefficient (38). 
Surface active agents such as those present in agricul­
tural and pulping wastes have a strong tendency to foam when 
bubbled with air. Some SAA can be removed by foam fractiona­
tion (39, 40, 41, 42) reducing the oxygen demand. However, 
microorganisms themselves are surface active concentrating 
at the gas-liquid interface in the foam and medium. The 
greater concentration of cells at the interface may increase 
the rate of oxygen transfer due to reaction in the liquid 
film or by direct absorption as mentioned by Tsao (43). In­
creased oxygen transfer rates are therefore possible not only 
at the froth interface but in the foam as well. 
Foam formation is usually considered a costly nuisance 
requiring the use of expensive antifoam agents, and mechanical 
or thermal foam breakers. Goldberg and Rubin (44) give a good 
review on foam breaking mechanisms and discuss their ex­
perimental work on a rotating disc foam breaker. Foam-break­
ing techniques may be divided into chemical, thermal, and 
mechanical methods (44). Chemical methods involving the use 
of antifoam agents tend to produce an expanded surface film 
and to reduce the surface plasticity. When thermal methods 
are employed a reduction in surface viscosity, evaporation of 
a solvent, or a reduction of surface elasticity result in foam 
breakage. Mechaninal mpthoHs invnl OH'? or TT!ore of th? fol­
lowing four mechanisms: rapid pressure change, shear force. 
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compression force, and impact force. The choice of which 
method to use depends on desired results and economics. For 
example, antifoam agents may be undesirable because of product 
contamination, or thermal methods may interfere with heat-
sensitive materials. The induced draft aerator, which is the 
subject of the present study, however, can have its own foam-
controlling capability by installing an additional draft tube. 
Aeration Systems 
The success of biological waste treatment in the acti­
vated sludge process depends on two factors: 
1. the dissolution of a sufficient quantity of oxygen 
to support biological growth and, 
2. the suspension of the biomass to maintain a DO level 
throughout the system which is above the critical 
oxygen concentration. 
There is a variety of aeration equipment capable of achieving 
these objectives. Aerators which are in common use for waste 
treatment can be divided into four types: diffused or in­
jected aeration equipment, surface aeration equipment, turbine 
aeration equipment, and induced aeration equipment. Each will 
be discussed below with the greatest emphasis being placed on 
turbine aeration. Eckenfelder (1) and Fair et al. (45), give 
gnor] TPviPWR nf waqf? fT© p-t-mon f pTrippssPs an H enninment. 
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Diffused or injected aeration 
Air diffusera bubble compressed air into water through 
orifices in air piping, diffuser plates or tubes, or spargers. 
The bubbles rise from the diffusers toward the surface estab­
lishing circulation in the tank. 
Large interfacial areas are produced with small bubbles 
ejected from tubes or plates constructed of porous ceramic 
material or tightly wrapped saran or nylon units. Tubes are 
located near the bottom of a tank wall to establish and main­
tain spiral mixing currents in the tank. A wide spacing be­
tween diffusers favors solids suspension while close spacing 
reduces bubble coalescence. Plate diffusers are mounted in 
furrows at the bottom of a tank. The major disadvantage of 
this type diffuser is its tendency to clog. Air filters and 
high maintenance cost are generally required for these dif­
fusers . 
Large bubble diffusers (spargers) eliminate the disad­
vantages of the porous diffusers, however, the oxygen transfer 
rates are reduced since the interfacial area is considerably 
less. These units are capable of operating over a wider range 
of air flow per unit. 
Jet aerators and impingment aerators employ mechanical or 
air shear mechanisms. For the jet aerator, aeration tank 
liquid is pumped through a piping manifold to venturi units 
which aspirate air from a supply manifold. Intimate mixing is 
achieved and oxygen absorption efficiencies are high. Im-
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pingiîient aerators employ a liquid stream which strikes an 
impingment bowl breaking up air bubbles discharged from a 
large orifice in the bowl. 
In practice diffusion units have efficiencies which vary 
between 4.4 and 5.3 lbs 02/hp/hr as measured by the non-steady 
state reaeration method which uses traces of sulfite to react 
with the DO (46). 
Surface aeration 
Surface aeration units transfer oxygen through vortexing 
action and/or from the exposure of large volumes of liquid 
sprayed over the surface of a tank. Units consist of a rotat­
ing horizontal brush, a surface impeller, or a draft tube with 
impeller. Transfer rates are influenced by the diameter, 
speed, and the submergence of the rotating member. These 
aerators may be mounted on piers or on floats. Such units 
generally have high oxygen transfer efficiencies up to 4.4 
lbs Og/hp/hr (45, P. 77; 46; 47), based upon the non-steady 
state reaeration method. 
Turbine aeration 
Turbine aerators employ compressed air which is dispersed 
by the shearing and pumping action of a rotating impeller. 
Air is normally sparged through a ring located just below the 
impeller. This type of unit is used extensively in deep fer­
mentation processes as well as in some activated sludge proc­
esses. It provides excellent mixing and good gas dispersion. 
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Although it is capable of high oxygen transfer rates, about 
four times those of diffusers (1), it suffers from low power 
efficiencies ranging from 1.6 to 2.9 lbs Og/hp/hr (non-steady 
state method) in waste disposal applications (1, p. 75). 
Pasveer (46) notes that building costs have continued to rise 
while the cost of power has remained stationary. Such a sit­
uation favors systems with higher energy requirements and 
lower capital costs like those obtained in agitated tanks. 
For some very strong wastes of uniform composition such 
as cheese whey, it may be possible to use fermentation tech­
niques for treatment utilizing a single microbial culture. A 
single culture offers advantages of very high utilization rates 
and at the same time produces specific metabolic products. 
The recovering and sale of such metabolic products might help 
to offset the higher energy costs required by agitated tanks. 
If fermentation techniques are to be used a closed or open 
agitated tank in which air is sparged or self induced is re­
quired. Although the current investigation involves the anal­
ysis of a self induced aerator, it is constructive to review 
results of investigations on stirred gas-liquid contactors 
using spargers for there are many similarities. 
Karwat (48) found that the type of impeller used in gas-
liquid contactors does not influence K^a significantly. 
Calderbank and Moo-Young (26) concluded, from their intensive 
study on interfacial area and mass transfer, that the mass 
transfer coefficient, K^, is independent of agitation intensity 
and bubble size once the dispersion is suspended or in free 
rise or fall under the influence of gravity. Thus any increase 
in K^a beyond that of free rise is gained only by increasing 
the interfacial area, a. 
Using a theoretical approach Calderbank showed that the 
mass transfer coefficient is not enhanced during bubble forma­
tion when the resistance is in the liquid phase. Wilhelm et al. 
(50) and Rennie and Valentin (51) however, using photographic 
techniques dissolved ammonia in dilute HCl, using a color in­
dicator to show that the most active area for mass transfer 
occurs in the impeller region. The authors suggest that this 
supports the surface renewal theory. While this may be the 
case it should be pointed out that the specific interfacial 
area in the impeller region is much greater than in the rest 
of the tank due to subsequent coalescence. Thus in the im­
peller region may not be more effective than in the rest of 
the tank. The indicator color change shown in their photo­
graphs of this region are likely due to a greater increase in 
interfacial area than in K^. 
Westerterp (15) used sulfite oxidation to determine the 
specific surface area as a function of several variables. He 
found that the specific surface area was a linear function of 
the impeller speed and independent of air flow. Boerma and 
Lankester (52) confirm Westerterp's work showing that the 
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rare of mass transfer is proportional to the impeller speed. 
These results support the conclusions of Calderbank and Moo-
Young (26) about the independence of with respect to bubble 
diameter. 
Using a sparged-agitated tank Westerterp (53) determined 
an optimum impeller diameter to tank ratio based on the max­
imum interfacial area produced per unit power. He found that 
the optimum ratio depends on the impeller speed and diameter 
and concluded that it favors small diameter impellers and high 
speed. He further suggests that scale-up be based on agita­
tion intensity, ND^, instead of Reynolds number or power per 
volume. 
As mentioned previously scale-up and design are usually 
based on empirical correlations of mass transfer coefficients 
and interfacial area with system parameters. Most correla­
tions are of the type: 
K^aoC C|^ )^  or K^a cCgV (28) 
R 
where G is the air flow rate, P is power, is the medium 
volume, E is an expansion factor, and N is the impeller speed. 
The exponents x and y vary greatly among different investiga­
tors. Westerterp (15) lists exponents obtained by a number 
of investigators. The wide variation of exponents, shown by 
Westerterp, points out the difficulty in establishing and 
correlating the significant system parameters. 
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Induced aeration 
Although induced aeration can be considered a form of 
turbine aeration, it is listed separately to emphasize that 
the air is self induced and does not require compression. 
One of the earliest commercial units, the Waldhof fermentor 
was reported by Saeman et al. (54) in 1945. In Germany during 
World War II the fermentor was successfully used to produce 
food yeast for human and animal consumption from the fermenta­
tion of sulfite waste liquor. Later Saeman (55) reported the 
fermentor's good foam control properties and the possibility 
of its use for waste disposal and food production. Figure 5 
shows the fermentor of the type developed by Waldhof. 
As the hollow shaft and impeller are rotated air is induced 
and dispersed uniformly into the liquid. Foam formed on the 
surface spills over the draft tube and is recycled. 
Although several units of similar design or principal are 
commercially available there is little information concerning 
the mechanism of induced draft aeration. Tsao has written 
two recent articles concerning the study on the mechanisms of 
the Waldhof fermentor (56) and vortex dispersion (57). Edner 
et al. (58) using an induced draft aerator at a depth of 11 
feet and air flow rate of 0.07 VVM obtained an absorption ef­
ficiency of 4.7 lbs Og/hp-hr based on the oxygen utilization 
by ACccoLqC Lci J.U Liie reniietiLalion of acetic acid. This com­
pares favorably with diffused air and surface aerators. They 
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figure 5. Schematic of waldhof type fermenter 
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also indicated that bakers yeast fermentation as usually 
carried out in sparged fermentors use air flows of about 1 
WM while only 0.25 to 0.3 WM was needed with their induced 
aerator. Gal-Or (59) used photographs to determine the bubble 
size distribution in a self-induced contactor. He found that 
the mean bubble diameter was less than those reported by other 
investigators (25, 53) and concluded that the small bubbles 
(larger interfacial area) were due to high shear with a stator, 
located around the periphery of the impeller, and reduced 
gas pressure at the moment of bubble formation. The larger 
interfacial area produced by self induction may account for 
the lower air flow rate required by Edner et al. (58) for bakers 
yeast fermentation. 
Euteneuer (50) has analyzed the air flow characteristics 
of a rotating hollow tube and shaft. Air was induced by the 
aspirating action created by the turbulence behind the tip of 
the rotating tube. He found that at greater tip speeds the 
bubble size is reduced. 
Zlokamik (61, 62, 63) has investigated the performance 
of both tube and disc stirrers which induce gas flow. He 
finds that disc stirrers are more efficient gas dispersers 
than tubes. In his work the optimum stirrer speed, stirrer 
diameter, and power requirement were related to various fluid 
properties and system geometry. He fmmd fhat the gas floi-7 
rate was nearly proportional to the impeller speed over an 
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intermediate range. Zkokamik obtained linear correlations 
for the power number and a dimensionless throughput number 
as functions of the Froude number. 
The present research has been undertaken to provide 
additional information for the understanding of induced draft 
aeration and to determine if foam recylcing is beneficial to 
mass transfer. Cheese whey was used to determine the effects 
of foam on aeration. 
Cheese Whey Utilization 
The preceding background material has been general in 
nature and can be applied to many waste disposal systems. 
However, to be of value for pollution control it is necessary 
to investigate a specific waste disposal system. One of the 
aims of this research has been to study the biological dis­
posal of cheese whey using an induced draft aerator. 
Cheese whey, the décantant waste from the cheese making 
process (containing approximately 4.5% lactose), provides a 
good source of food for Saccharomyces fragilis, a yeast cul­
ture. Wasserman and co-workers have published many articles 
on whey utilization using Saccharomyces fragilis, NRRL Y1109, 
(64-70). In their final paper Wasserman et al. (70) pre­
sented an economic analysis for whey disposal using as a basis 
a plauL upéiduing â batchwîse agitated tank prcccss 200 days 
per year and producing 5,000 lb. dried animal food yeast/day. 
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Assuming the plant was operated in conjunction with a cheese 
manufacturing plant (no charge for whey or its transportation) 
they estimated a break-even method for disposing of whey with­
out creating a pollution problem. Thus an improved fermentor 
design may make this process a profitable venture. 
At an initial cell concentration of 2 x 10^ cells/ml 
Wasserman et al. (68) found that a maximum yield of yeast, 
23.5 mg/ml resulted in 3 hours. A final cell count was 4.56 
Q 
X 10 cell/ml. Optimum growth occurred at a pH of 5.6 and at 
30°C i 1°C. To help maintain growth throughout the run 
several nutrients were initially added. They were 0.5% 
(NH^)2S0^, 0.5% KgHPO^^, and 0.1% yeast extract (67). 
Oxygen requirements of Saccharomyces fragilis varied 
throughout the fermentation (64). Initially the oxygen con­
sumption was low but as the run continued it increased to a 
peak oxygen demand of 160 mg O^/liter/min. Recall that at 
30°C the solubility of oxygen in water is 7.5 mg/liter. The 
addition of salts and presence of microorganisms may reduce 
the solubility even more. Therefore the rate of aeration must 
be extremely high to satisfy such an oxygen demand. Many of 
the aeration systems mentioned previously are incapable of 
providing adequate aeration. Wasserman and Hampson (65) found 
that they could provide sufficient oxygen to the medium using 
sparger type and Waldhof tyoe fermentors. 
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In terms of the chemical oxygen demand (COD), measured by 
a rapid chromate oxidation, raw whey contained about 55,000 
mg COD/liter. At the end of a 4 hour fermentation the soluble 
COD was reduced 84% to 9,000 mg/liter (68), of which 60% was 
removed with the yeast cells. The other 40% was apparently 
oxidized to the COg. A rapid batch-wise fermentation such as 
this or a continuous fermentation may help the overall whey 
treatment economics. 
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EXPERIMENTAL EQUIPMENT 
The induced draft aerator, shown schematically in Figure 
6 and in photographs (Figures 7, 8, 9, 10), consists of two 
vertical concentric tubes mounted above a shrouded turbine 
impeller. As the impeller rotates, a vortex is formed in the 
inner tube. By increasing the impeller speed to a "critical 
speed", N^, the vortex deepens until it just hits the impeller 
causing gas dispersion. Further increase in impeller speed 
increases the induced gas flow rate. Foam forms when the 
rising dispersed gas bubbles reach the surface of the broth. 
The top of the outer tube is positioned near the surface of 
the liquid permitting foam spillage and recycle through the 
annular space between the vertical tubes. By adjusting the 
physical parameters, such as impeller speed and recycle tube 
height, foam formation can be controlled within the system. 
Tank 
An 18 inch diameter plexiglass tank with a 1/4" wall is 
used for the tank. The tank is 52" deep fitted with a 3/4" 
bottom and top flange. A 2" diameter teflon bushing is cen­
tered in the tank bottom to support the end of the impeller 
shaft. The bushing is drilled with a 1/4" hole so that the 
tip of the shaft can revolve in it. The top flange centers 
and supports a 1/2" thick aluminum plate which serves as a 
mounting for the draft tube and agitator power assembly. Six 
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Figure 6. Schematic of induced draft aerator with recycle 
Figure 7. Experimental aeration unit and control panel 

Figure 8. Torque measuring mechanism 
Figure 9. Aeration unit during operation in distilled water 

Figure 10. Variable recycle tube showing draft and recycle tubes, recycle tube 
supports, rings and impeller. A. Six bladed lifter type impeller; 
B. Lower recycle tube support; C. Recycle tube ring; D. Sections of 
fixed recycle tube; E. Upper recycle tube support; F. Draft tube; 
G. Recycle tube control rod; H. Variable recycle tube; I. Nylon 
sleeve; and J. Draft tube ring 
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holes are drilled in the perimeter of the tank. Four holes 
are drilled on the same plane 90° apart and are mounted with 
1/4" diameter adjustable rods. These rods are used to support 
and center the ends of the recycle and draft tubes. One of 
the remaining holes is used to measure the liquid temperature 
while the other serves as a sampling port. The sample port is 
covered with a piece of rubber which can be pierced repeatedly 
with a sampling syringe. Four 1.75" baffles 90° apart running 
the full height of the tank are made of 1/4" thick aluminum. 
A 1/4" diameter stainless steel helical coil is used to con­
trol the medium temperature using steam or water. Outside of 
the tank is a yard stick marking the distance from the bottom 
of the tank. All vertical measurements are made in reference 
to this scale. 
Draft Tube 
The draft tubes are made of plexiglass cylinders. Each 
is fitted with a flange on one end which can be bolted to the 
bottom of the aluminum plate. The aluminum plate has an 0-
ring groove to make the draft tube air tight. A polyethylene 
bushing perforated with large air holes is mounted approximate 
ly midway in the draft tube. This bushing serves to eliminate 
vibration in the agitator shaft. Two different draft tube 
diameters were used. Their dimensions are shown in Table 2 
listing also the dimensions of the recycle tube and impeller 
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Table 2. Dimensions of draft tube, recycle tube and impeller 
combinations^ 
1" 
Draft tube Recycle tube Impeller 
Code K L M N Code Diameter Blade height 
1 1.50 2.00 4.07 4.47 A 3.59 0.437 
2 1.50 2.00 3.31 3.59 B 3.59 0.750 
3, 2.50 3.00 4.07 4.47 C 4.47 0.297 
1,50 3.00 4.07 4.47 D 4.47 0.437 
5^ 1.50 2.00 3.45 4.47 E 4.47 0.562 
6b 1.50 3.00 3.45 4.47 F 4.47 0.875 
7C 1.50 2.00 4.63 5.00 
^All dimensions are in inches. 
^Rings are attached to fit around the bottom of the draft 
and recycle tubes (Code 1) changing the dimensions. 
^Variable draft tube with bottom dimension the same as 
Code 4. Top dimensions are given as Code 7. 
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combinations. Owing to the many combinations a one number and 
one letter code was developed and will be used to describe 
the various impeller, recycle tube, and draft tube combina­
tions. The number describes the recycle tube and draft tube 
diameter combination while the letter describes the impeller 
diameter and blade height combinations. For example: the 
combination code ID means a 4.47" recycle tube diameter, a 2" 
draft tube diameter, and a 4.47" impeller diameter with a 
blade height of 0,437" were used. 
There are three openings in the aluminum plate to allow 
gas flow into the draft tube. Normally they were used for an 
air vent, nitrogen purge, and compressed air. Sometimes oxy­
gen was used in place of compressed air. The compressed air 
or oxygen flow rate was measured with a rotameter. Draft 
tube pressure was measured with a water manometer open to the 
atmosphere and connected to the air vent. 
Foam Recycle Tube 
The foam recycle tube was attached outside of the lower 
end of the draft tube. It was held firmly in place by a 
support screwed to the bottom of the draft tube and a collar 
at the top. A photograph in Figure 10 (B, E) shows these 
supports. The bottom of the foam recycle tube was flush with 
the end of the draft tube. Plexiglass rings can be attached 
to the outside of the draft tube and/or inside of the recycle 
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tube to alter the annular area without changing the draft 
tube, recycle tube or impeller combinations. Actual dimen­
sions used will be found in Table 2. 
The height of the foam recycle tube was controlled in 
two ways. The basic height was made up of various sections 
of 12", 6", 3" fixed sections. The other was a variable 12" 
tube which slides outside of the fixed recycle tube. The 
variable tube was sealed to the fixed tube by a waterproof 
nylon woven sleeve. Figure 10 shows the variable recycle tube 
with sleeve, draft tube and fixed recycle tube sections. 
When the aerator was off the gas hold-up was zero thus 
the medium volume was small. However during aeration the gas 
hold-up increases and the medium expands changing the liquid 
level in the tank. The variable recycle tube was therefore 
necessary when controlling and recylcing foam. 
Impeller and Shaft 
Six-bladed lifter type turbine impellers were used in 
this investigation. This type of impeller is shown in Figure 
10. The impeller was mounted on a 1/2" diameter stainless 
steel shaft using set screws. A 0.050 inch clearance between 
the top of the impeller blades and the bottom of the draft 
tube was maintained. Impeller diameters were the same as the 
4- c -I A /^ "P 4-"K o v*ia/-*TT/>T A o T*Kô oV\o-p'+- o/4 o 1 /it T 
diameter tip, 3/8 of an inch long which revolved in the teflon 
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bushing at the bottom of the tank. 
Agitator Assembly 
The agitator assembly consisted of a variable speed one 
horsepower motor, ball bearing housing, torque arm, flexible 
couplings, and a rotary seal. A frame supported the motor 
fitted with thrust bearings at the top and bottom. The force 
on a lever arm attached to the side of the motor was measured 
using a pulley and gram balance as shown in Figure 8. An oil 
bath was used to dampen out the oscillations in the balance 
arm. Two flexible couplings connected the motor shaft to the 
agitator shaft. Up to 3,000 revolutions per minute were pos­
sible with this apparatus. 
The impeller speed was measured using a Servotek speed 
indicating system (type SA-757). Their tachometer was checked 
over the operating range with a strobascope to assure a 20 RPM 
accuracy; however, differences of 5 RPM can be detected. A 
series of blank runs without an impeller was made to obtain a 
torque correction at various impeller speeds. This correction 
was subtracted from the actual run torque to give the true 
agitator torque. Power was calculated from the impeller speed 
and torque using the equation below: 
2it (RPM)(Torque £t-lbs) ^  Horsepower (29) 
33,000 
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Oxygen analyzer 
A Beckman model 777 oxygen analyzer was used to determine 
the percent of oxygen saturation in the liquid. This unit 
makes use of an oxidation-reduction reaction in a polargraphic 
sensor. The sensor contains a silver anode and gold cathode 
protected from the liquid by a thin gas permeable teflon mem­
brane. A cellulose-base KCl gel serves as the electrolytic 
agent. Oxygen diffuses through the teflon membrane and takes 
part in the following reaction. 
Cathode reaction: 0^ + 2H2O + 4e"- > 40H" 
Anode reaction: 4Ag + 4C1~ ^ 4AgCl + 4e~ 
A voltage of 0.75 volts is applied across the electrodes. 
When oxygen reaches the cathode it is consumed producing a 
current. This current is proportional to the amount of oxy­
gen present in the sample. The current produced is amplified 
and read out in the desired units. 
A recorder connected to the oxygen analyzer provided a 
continuous record of the oxygen level in the sample. The re­
cording gives the percent of oxygen saturation versus time 
used in conjunction with Equation 2 to determine K^a for par­
ticular conditions. 
A Thermistor was built into the sensor to reduce tempera­
ture errors to less than ±5% of the reading over the 15 to 45® 
C temperature range. However, at constant temperature the ac­
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curacy is il% of full scale. The sensor response was 90% of 
full scale in 10 seconds. 
Surface tensiometer 
Surface tension measurements were made using a bubble 
pressure technique developed by Sugden (71). A bubble pres­
sure procedure described in a laboratory manual by Svec and 
Peterson (72) was used. In this method two tubes of different 
diameters are used. The gas pressure just necessary to form a 
bubble was measured for each tube. The difference in tube 
bubble pressures is directly related to the surface tension. 
Literature values for surface tension of those measured for 
calibration varied less than 3% using this method. 
Tube viscometer 
A tube viscometer was used for viscosity measurements. 
Over the range of viscosities studied errors were limited to 
less than 2.2%. 
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EXPERIMENTAL PROCEDURE 
Aerator performance was based on the oxygen absorption 
rate and power consumption for different operating conditions 
and equipment configurations. Performance criteria were ob­
tained for the different conditions over a range of power in­
put. The oxygen absorption rate was measured for most of the 
conditions and a K^a obtained. Three methods were used to 
determine the systems' overall mass transfer coefficient times 
the interfacial area per unit volume, K^a. These were: 1. 
non-steady state reoxygenation using a polarographic electrode, 
2. sulfite oxidation, and 3. non-steady state oxygen utiliz­
ation using fragilis on cheese whey. To help determine the 
qualitative effect of fluid properties on the mass transfer 
coefficient vortex aeration in a beaker was used. 
Non-Steady State Reoxygenation 
Aeration of a non reacting medium takes place batch-wise 
from near zero oxygen concentration to complete saturation. 
The liquid is first degassed with nitrogen, then reoxygenated 
with air or oxygen. The non-steady state oxygen concentration 
is recorded on a recorder and later used to determine a K^a. 
Reference to Figure 6 and photographs of the operating panel 
and equipment, Figure 7, will be helpful in understanding the 
following operating procedure and description. 
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Degassing 
Before a series of rims begins the polarographic elec­
trode is submerged midway in the medium. An auxilary 1/20 hp 
stirrer placed in the tank assures an adequate liquid flow 
rate past the electrode. 
With the air vent open, the agitator is started and speed 
is increased to a reasonable level. Nitrogen is introduced 
into the draft tube while the air vent valve is being closed. 
Nitrogen flow is adjusted by a needle valve until the pressure 
within the draft tube is at atmospheric pressure. Nitrogen 
gas bubbles strip the dissolved oxygen out of the medium. 
This process continues for about five minutes until the dis­
solved oxygen content is less than 5% of saturation. The 
agitator speed and nitrogen flow are decreased simultaneously 
until the vortex in the draft tube blocks further gas flow. 
The air vent is opened and the agitator is turned off. This 
procedure must be followed to prevent the blowing out of the 
water in the draft tube manometer. Compressed air is intro­
duced into the draft tube and carries the remaining nitrogen 
out through the air vent. The head space in the tank is also 
purged with air. After five minutes the compressed air is 
shut off and the system is ready for an aeration run. 
Reoxygenation 
Comoressed air is bubbled throncfh wafer foi" humidifica­
tion and passed into the draft tube while the air vent is 
60 
open. The air flow is increased to the approximate level 
anticipated for the run. The agitator is turned on and the 
speed increased rapidly to a desired impeller speed. The air 
flow is adjusted so that the pressure within the draft tube is 
atmospheric. Oxygen is transferred from the rising gas bub­
bles increasing the dissolved oxygen level in the medium. 
Using the oxygen analyzer the dissolved oxygen level is re­
corded continuously on a recorder. Recycle is controlled by 
adjusting the height of the recycle tube in relation to the 
surface of the liquid. Reaeration runs take about five min­
utes. 
Data analysis 
During the aeration process agitator speed, torque, liq­
uid level, recycle tube height, air flow rate and DO level 
are measured. They are used in conjunction with other fixed 
conditions such as tube and impeller configurations for cor­
relation. 
If Equation 2 is divided by C* the slope of the semi-
logarithmic plot of In (l-C) versus time gives K^a for spe­
cific conditions of the aeration system. Here C is the frac­
tion of oxygen saturation measured by the oxygen analyzer. 
Kj^a is reported in units of inverse minutes. 
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Sulfite Oxidation 
Since reoxygenation of a non-reacting system was rela­
tively fast, it was impossible to use a non-steady state meth­
od to determine the effect of foam recycle on aeration. Con­
sequently the sulfite oxidation method was used. 
Sulfite solutions were made up in the tank to contain 
0.25 to 0.75 moles of Na^SO^ per liter. Mallinckrodts photo 
purified granular sulfite was used. Reagent grade cobaltous 
sulfate (CoSO^'ZHgO) 0.001 M to 0.002 M, was added as the 
catalyst. In a basic medium a brownish black precipitate 
formed. The pH of the solution was therefore adjusted to 6.5 
using sulfuric acid to prevent the formation of a precipitate. 
The precipitate was apparently cobalt hydroxide (16). 
Sulfite oxidation begins immediately when the aerator is 
turned on. When steady-state was reached a sample was drawn 
from the tank using a syringe. A 5 ml sample was pipetted 
from the syringe barrel into a previously prepared stoppered 
iodine solution (See Appendix for procedure). Samples were 
drawn at 2 to 5 minute intervals until the oxygen content in 
the tank rose above zero. This signaled an inadequate sulfite 
concentration and the run was terminated. Using the slope of 
the plot of instantaneous sulfite concentration versus time 
the oxygen absorption rate moles 02/liter-min was determined 
by a multiplying factor of one half. 
For cheese whey 0.002 nolar cobaltous sulfate had to be 
used to keep the dissolved oxygen content at zero during the 
run. Both air and pure oxygen were used for these runs. 
Non-Steady State Oxygen Utilization 
by Saccharorayces fragilis 
A quantity of cheese whey was made up in the aerator 
using Foremost's Teclac, a dried cheddar cheese whey. Nutri­
ents were added to the whey (6.4% solids) in the proportions 
suggested by Wasserman et al. (66): 0.5% K^HPO^, 0.5% 
(NH^)2S0^, and 0.1% yeast extract. The pH was adjusted to 
5.5 using sulfuric acid. The temperature of the medium was 
adjusted to 30°C and seeded with 5% of ^  fragilis from a flask 
which has been propagated for 7 hrs. The culture was aerated 
and the temperature was maintained at 30°Z0.5°C. The aerator 
was turned off at intervals and the decrease in dissolved oxy­
gen recorded as a function of time. The system was reaerated 
until an equilibrium oxygen content was obtained. The IC^a 
for this system was obtained from this data using Equation 12. 
Vortex Aeration 
Surface active agents and physical properties of the fluid 
such as viscosity affect the rate of interfacial mass trans-
fPT* VOT^t'PV WA C evaminnH tti A "Krk o v* 
the qualitative effects of surface active agents and viscos­
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ity on. Kj^. The recent work by Kanner and Glass (73) indicates 
that surface viscosity and elasticity may influence mass 
transfer more than the usually measured bulk properties. 
A convenient way to examine the increased resistance to 
oxygen transfer without the complication of foam formation 
was a method used by Tsao (74). Figure 11 shows this arrange­
ment. A vortex was formed in a 1 liter beaker using a 2" 
magnetic stirrer. The beaker was kept at a constant tempera­
ture of 30°C±0.1°C in a water bath using a laboratory relay 
and control thermometer. A polarographic electrode was placed 
1/2" below the surface of the vortex to measure the dissolved 
oxygen content at any time. Using the non-steady state reoxy-
genation method, the K^a for the system was determined. How­
ever, for this case the surface area per volume was found. 
The area was determined graphically from a cardboard form 
shaped to fit the vortex. Pseudo mass transfer coefficients 
for different liquids could then be compared. 
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Figure 11. Vortex aeration unit 
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RESULTS AND DISCUSSION 
The results of the experimental work are presented to de­
scribe the mechanisms operating within induced draft aerators. 
Most of the data were gathered using distilled water. Water 
was selected for its availability, constant well determined 
properties, and its non-surface active nature thus eliminating 
complications of foam. Unless otherwise stated the oxygen 
absorption results are based on water using the non-steady 
state reoxygenation method. Sucrose, sulfite, sulfate, and 
whey mediums were used to determine the effect of fluid prop­
erties and foam recycle on aerator performance. 
Effect of Depth on Critical Impeller Speed 
The "critical impeller speed", N^, is reached when the 
speed of the impeller is increased to a point where the vortex 
fonaed in the draft tube just barely reaches the impeller 
blades. It is the minimum rotational speed of the agitator 
for gas dispersion. Figure 12 shows that the critical impel­
ler speed is proportional to the impeller submergence for 
various code configurations given in Table 2, p. 52. 
Effect of Impeller Speed on Air Flow Rate 
As the impeller speed is increased above the critical im­
peller speed air is induced into the draft tube and is then 
dispersed into small bubbles. For air to flow through the 
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Figure 12. Effect of depth on critical impeller speed. Data 
is for water at 30^0 with various impeller and 
tube combinations given by a code in Table 2, page 
52: # Code 2A, oCode 2B, +Code ID 
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tube a atmospheric pressure, the impeller must reduce the 
pressure at the bottom of the draft tube to account for the 
static hydrodynamic pressure as well as the dynamic pressure 
drop in the tube. At the flow rates investigated the pressure 
drop through the tube is small in comparison to the static 
head. However it is this small pressure drop which induces 
gas flow. An increase in impeller speed lowers the pressure 
at the bottom of the tube and thus increases the air flow 
rate. 
Having established the critical impeller speed for each 
of the various impeller and tube combinations, the air flow 
rates at different impeller depths and impeller speeds were 
measured. Air flow is plotted as a function of the square of 
the impeller speed minus the square of the critical impeller 
speed in Figures 13 and 14. 
The linearity can be explained by considering the con­
version of a portion of the kinetic energy generated by the 
agitator to potential energy and subsequently to viscous work. 
This analysis extends the explanation given earlier by Tsao 
(56). A majority of the kinetic energy generated in the in­
duced draft aerator is converted directly to viscous heat as 
a result of the high liquid turbulence. (Mly a small portion 
is used to generate new surface area. In addition some 
kinetic energy is converted to potential energy as observed by 
the difference in height between the vortex in the draft tube 
and the liquid level in the tank. Thus one would expect with 
6 
0.4 
3l 5 0 3.0 
(N^ - N^2)x 10"^ (RPM^) 
Figure 13. Effect of impeller speed on air flow rate, Code 2B. Data is for water 
without recycle at various impeller depths: ©34 inches, +28 inches, 
o 22 inches 
69 
! 
0.5 
0.4 
0.3 t 
0 . 2  
g 
(H 
u 
•H 
< 
0.1 
0 
0 0.5 1.0 1.5 2.0 
(N^ - N X 10"^ (RPM^) 
2.5 
Figure 14. Effect of impeller speed on air flow rate, Code 
ID. Data is for water without recycle at various 
impeller depths : • 33 inches, # 28 inches 
increased impeller speed an increase in viscous dissipation 
to heat, higher potential energy, and an increase in energy 
conversion to new surface formation. 
By making an energy conversion balance with the potential 
energy : 
= 6 HA/)g (30) 
and the kinetic energy: 
2 
= —^ (31) 
and solving for the change in head, AH, the following relation 
is obtained: 
AH = 2g (32) 
With the physical parameters remaining constant: 
AH = k (33) 
Equation 33 implies that the liquid head,Z\H, is proportional 
to the square of the impeller speed. 
As the impeller speed is increased to the critical im­
peller speed the vortex deepens until the maximum vortex 
depth is reached (impeller depth). Beyond the critical impel­
ler speed no further conversion to potential energy occurs if 
air flow is permitted. In this case the kinetic energy which 
would have been converted to potential energy is converted to 
t7 t g ^  1 o t»t/^  f con \  ^  ^ -i j «w.  ^^ 
• ^ \ ^  a, M w >a* ^  ^  ^ ^ ^ ^ ^ \J W Ci4 0 Jul X C, i X ^ 
tube. 
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The net driving force for gas dispersion can be related 
as : 
k^(N^ - = net driving force (34) 
For laminar flow in a tube the net driving force (pressure 
drop) is proportional to the fluid velocity or gas flow rate. 
Thus Equation 34 becomes: 
kgCN^ - N^^) = G (35) 
where G is the gas flow rate in WM (volume of gas per volume 
of liquid per minute). Equation 35 thus predicts the results 
in Figures 13 and 14. 
If the above analysis is correct, an increase in viscosity 
of either the gas or liquid should reduce the net rate of gas 
induction due to an increased conversion of kinetic energy to 
viscous work. Results, to be discussed later, show that an 
increase in the liquid viscosity does in fact reduce the rate 
of air induction. 
Effect of Air Flow Rate on K^a 
Figure 15 relates the effect of the air flow rate, G in 
WM, on K^a at different impeller depths. As shown in the 
figure, K^a is proportional to the air flow rate for a partic­
ular depth. In light of the conclusions advanced by Calderbank 
and Moo-Young (26) chat; is nor affected by agitation in­
tensity, the interfacial area per unit volume, a, must be pro-
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Figure 15. Effect of air flow on volumetric mass transfer, 
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portional to the air flow. For this to be the case the mean 
diameter of the air bubbles must be independent of the agita­
tion intensity within the range tested in the present study. 
This implies that the total interfacial area increases due to 
an increase in the number of bubbles and not a decrease in the 
average size of the bubbles. 
Effect of Power on Air Flow Rate and K^a 
At a given depth it is necessary to increase the impeller 
speed to increase the gas flow rate. Any increase in impeller 
speed also increases the torque. Using Equation 29, the agita­
tor power was calculated for each run along with the air flow 
rate. Figure 16 shows the linear dependence of the gas flow 
rate on the power per volume of liquid. At low power input 
levels Zlokamik (63) also found that the induced air flow was 
proportional to the power using a hollow tube stirrer. However 
at higher power input levels, the flow rate became less de­
pendent on power. As a consequence of the linear dependence 
of K^a on the air flow rate, G, and the linear dependence be­
tween G and power/volume, K^a was found to be directly propor­
tional to the agitator power per unit volume of medium with­
out recycle. 
Effect of Recycle on Air Flow Rate, Power and K^a 
When the medium spills over the top of the recycle tube, 
the air flow rate and the power requirement change. The de-
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Figure 16. Effect of power on air flow. Data is for water 
without recycle, Code 2A, at various impeller 
depths: f 40 inches, o 28 inches, • 22 inches 
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gree of change depends upon the quantity of liquid that is re­
cycled through the annular space between the draft and recycle 
tubes. Recycle is controlled by the difference in height be­
tween the surface of the liquid and height of the recycle tube, 
A h. The value of Ah for most of the runs with water was 
controlled by adjusting the amount of water in the tank. With 
the incorporation of the variable recycle tube the value of 
A h could be controlled manually by adjusting the recycle tube 
height. 
Using the draft tube and recycle tubes in a separate tank 
of the same diameter as that of the aerator, the water spillage 
rate over the top of the recycle tube was measured for various 
values of dh. Figure 17 shows the spillage rate as a function 
of 6h for various tube combinations. The amount of spillage 
of foam or aerated liquid was not measured due to its com­
plicated hydrodynamic properties and variations in foam den­
sity. Consequently Ah will be used in the remainder of this 
paper to imply a spillage rate as if it were a known function 
of Ah. 
As the Ah is increased at a constant impeller speed, the 
air flow rate increases up to a point. Beyond this point the 
flow rate decreases and the power increases rapidly until 
flooding occurs. When the air flow was divided by the specific 
power input and plotted as a function of Ah, a maximum was 
obtained as shown in Figure 18. In addition to the enhanced 
air flow per unit power the increased K_a and mixing obtained 
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Figure 18. Effect of Ah on air flow rate per unit power in­
put. Data is for water at an impeller depth of 27 
inches, Code 7D, for various impeller speeds 
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by recycle should be beneficial for microbial growth. 
Effect of Blade Height on Power Consumption and K^a 
An optimum blade height was determined using four differ­
ent blade heights. A series of runs was made at an impeller 
depth of 28 inches for each blade height. The values of K^a 
at different power levels were measured for each blade height. 
The value of K^a for each series of runs was plotted as a 
function of power. From the plot, the power required to a-
chieve the K^a values of 1.5 min~^ and 2.5 min"^ were obtained 
and plotted as a function of blade height (Figure 19). From 
the figure a blade height of 0.437 inches was considered 
optimum for the 4-1/2 inch impeller. A set of 3-1/2 inch 
impellers were also tested but not enough data were collected 
to test the existence of an optimum blade height. 
Whether or not the optimum blade height to impeller diam­
eter ratio (found to be 0.1 for the 4-1/2 inch impeller) ap­
plies to larger tanks is not known. A larger tank and a power 
assembly would be necessary to fully determine the optimum 
ratio. 
Effect of Tank Variables on Performance 
Several tank variables were investigated including: baf­
fles, cutouts on the recycle tube support, rings attached to 
the bottom of the draft and recycle tubes, and various draft 
tube and recycle tube diameters. 
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Figure 19. Effect of blade height on power input for different 
mass transfer coefficients. Data is for water at 
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blade heights, Code IC, ID, IE, IF 
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Baffles 
As long as the tank was baffled by at least one baffle 
1/10 the tank diameter, the air flow rate, K^a, and power re­
quirement were unchanged. Four baffles of 3 inch width, one 
of 3 inches, two of 1-3/4 inches and four of 1-3/4 inches were 
examined. Although there was no apparent effect on the param­
eters mentioned above, the four 1-3/4 inch baffles gave a more 
uniform surface velocity to the recycled liquid. For this 
reason it was adopted as the standard baffle configuration for 
the tank. 
Cutouts 
The recycle tube support at the bottom of the draft and 
recycle tubes was machined so as to reduce the shear stress 
between the support struts and impeller blades. Approximately 
1/8 inch of the strut was relieved on the impeller side. No 
apparent effect was noticed on the air flow rate, K^a, or 
power. Therefore the original recycle tube support which was 
flush with the impeller blades was adopted as the standard in 
this study. 
Rings 
Plexiglass rings were made to fit the outside of the 2 
inch draft tube and inside of the 4-1/2 inch recycle tube. 
These rings were used to change recycle annulus exposure area 
to the impeller. The dimensions of these rings are given in 
Table 2, page 52. Three combinations of the two rings were 
used: the draft tube ring alone; recycle tube ring alone; and 
SI 
both araft and recycle rings. 
Table 3 shows how the addition of the rings changes the 
critical impeller speed and air flow using the various ring 
combinations. The value of K^a and the amount of oxygen trans­
ferred per unit of energy consumed are also shown at various 
impeller speeds using the rings. An analysis of Table 3 shows 
that the reduced annular recycle area tends to increase the 
air flow rate while decreasing the power requirement at a 
given impeller speed. If the annular space was reduced to 
zero by a plug the amount of recycle would be zero. However 
for adequate foam control and economy, the annulus area must 
be as small as possible and yet large enough to permit com­
plete foam recycle. 
Draft and recycle tubes 
Various draft and recycle tube diameters were examined. 
They were 2 inch and 3 inch draft tubes and 3-1/2 inch and 
4-1/2 inch recycle tubes. Larger recycle tubes could not be 
investigated owing to the power limitation of the agitator as­
sembly. Table 3 shows the impeller speed, air flow, K^a and 
oxygen absorption efficiency at a 28 inch impeller depth for 
various tube combinations. As shown in the table the tube 
combinations presenting the least annular exposure area tend 
to be the most efficient. Better recycle of whey foam was, 
however, obtainpri i-h the larger annuli at the top of the re­
cycle tube, with Code 7D being the best. 
Table 3. Effect of draft tubes, recycle tubes, and rings on aerator performance. 
Medium is water at a 28 inch impeller depth 
Annular ^ 
area N ^ h ^ i k o  n c Run 
Code (in2) (RPM) (in) WM (min-^) Ug/Hp/hr (RPM) NO, 
ID 9.86 1250 0.0 .173 1.216 1.111 740 60504 
(no rings) 1250 0.88 .199 1.840 1.074 740 42508 
1500 0.00 .343 1.752 1.015 740 60506 
1500 0.75 .476 2.445 1.039 740 42510 
4D 5.93 1250 0.0 .231 1.278 1.115 670 42611 
(draft 1250 0.5 .298 1.749 1.291 670 42610 
tube ring) 1500 0.00 .405 1.862 1.146 670 42607 
1500 0.25 .438 2.188 1.217 670 42606 
1500 1.13 .778 2.946 1.085 670 42605 
5D (recycle 6.22 1250 0.88 .149 1.905 1.186 700 42702 
tube ]"ing) 1500 0.88 .481 2.970 1.313 700 42703 
6D 2.30 1250 0.63 .241 1.588 1.218 670 42706 
(both 1500 0.00 .344 1.783 1.268 670 42708 
rings) 1500 1.13 .696 3.370 1.326 670 42707 
3D 5.93 1250 0.88 .319 1.905 1.196 700 51202 
(no rings) 1500 0.50 .387 1,948 1.182 700 51203 
2A 5.47 1500 0.13 .135 0.842 1.011 830 42312 
(no rings) 1500 0.75 .156 1.201 1.031 830 21813 
1750 0.38 .291 1.453 1.072 830 21826 
1750 1.13 .626 2.032 1.033 830 21820 
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Effect of Fluid Properties on N , G, K,a and Power 
Fj-uid properties affect the hydrodynamics and mass trans­
fer coefficient. The Schmidt number is often used to charac­
terize the effect of fluid properties on the mass transfer 
coefficient such as shown in Equation 20. In this investiga­
tion however no provision was made to measure the diffusivity 
of oxygen in the test medium. Other properties such as vis­
cosity, density, and surface tension were determined for dif­
ferent mediums at 30°C. The results are shown in Table 4. 
Sucrose solutions of 20%, 30%, and 40% were used to 
evaluate the effect of viscosity and density on the system. 
Figure 20 shows that the critical impeller speed is independent 
of both viscosity and density. This agrees with Tsao's anal­
ysis (56) shown in Equation 32. An increase in viscosity and 
density does, however, require an increase in agitator power 
to achieve the critical impeller speed (Figure 21). At a 
given impeller speed the induced air flow is reduced when the 
medium viscosity is increased, (Figure 22). Increased vis­
cosity dissipates additional kinetic energy to viscous work 
thus reducing the driving force necessary for air flow. Al­
though the density increased with viscosity in the sucrose 
solutions, its effect on air flow is negligible as shown in 
Equation 32, when is approximately equal to 
At conditions of nearly the same air flow rate. Table 5 
shows that the ratio of K_ a to air flow (WM) is reduced with 
Table 4. Physical properties of test mediums at 30°G 
Medium 
Viscosity Density 
(cp) (g/cc) 
Surface tension 
(dynes/cm) 
Mass 
transfer 
coeff icien t 
for vortex 
aerat ion 
(cm/min) 
Run 
no. 
Water 0. 8007 0 .996 71. 18 (7 , P- 2167) 0. 556 71701 
20% Sucrose 1. 462 1 .074 73. 0 (7 , P- 2166) 
30% Sucrose 2. 278 1 .118 73. 4 (7 » p. 2166) 
40% Sucrose 4. 075 1 .169 74. 1 (7 , p. 2166) 
NagSC^ (0.25M) 1 .026 71. 8 (7 , p. 2164) 0. 458 71702 
Cheese Whey 0. 9515 1 .008 59. 4 0. 502 71703 
NagSCj (O.25%0 + 
0.001 CoSO. 1 .023 2 . 855^ 7 0101 
<x> 
^Based on sulfite oxidation with C* = 7.5 mg/liter. 
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Figure 20. Effect of depth on critical impeller speed for 
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Densities and viscosities for these solutions are 
given in Table 4, page 84 
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Tabic 5. Effect of viscosity and density on K^a at an impeller depth of 29 inche 
code ID 
Medium Viscosity 
(cp) 
Density 
(g/cc) 
WM 
(min~^) 
K, a 
(min~^) 
Kj^a/WM Run no. 
1500 RPM 
40% Sucrose 4.075 1.169 0.253 0.670 2.645 52718 
30% Sucrose 2.278 1.118 0.297 1.730 5.820 52819 
20% Sucrose 1.452 1.074 0.297 1.795 6.050 52835 
Water 0.801 0.996 0.343 1.752 5.115 60506 
1250 RPM 
40% Sucrose 4.075 1.169 0.100 0.445 4.450 52717 
30% Sucrose 2.278 1.118 0.120 0.873 7.275 52818 
20% Si.crose 1.462 1.074 0.149 1.290 8.650 52834 
Watei' 0.801 0.996 0.173 1. 216 7.030 60 504 
88b 
increasing viscosity. This is thought due to a reduction in 
hydrodynaraic oscillation of bubbles caused by the higher vis­
cosity, Water appears to fall out of place for the Kj^a/WM 
ratios given in Table 5. Because it is non-surface active the 
interfacial area is less than that of the sucrose solutions 
resulting in a smaller K^a. By visual observation, one can 
easily notice that the air bubbles in sucrose solutions are 
smaller than those in water. 
Although surface tension affects the bubble size (Equa­
tion 14), other surface phenomena of the medium resulting from 
SAA addition play an important role. This was observed using 
the various sucrose solutions where the surface tension re­
mained about equal to that of water (Table 4) but the bubble 
size was many times smaller than that obtained in pure water. 
The reduction in bubble coalescence in the impeller region is 
partially if not entirely responsible. 
Vortex aeration in a beaker was used to evaluate a mass 
transfer coefficient for various mediums used in the aeration 
system. Non-steady state reaeration of a 500 ml sample was 
used to determine the K^a values. For this system Kj^ and a 
are both dependent on the system hydrodynamics. Consequently 
a mass transfer coefficient is defined for this system as the 
which is obtained by dividing K^a with a. Here a is the 
interfacial area (measured by a cardboard) diviflp.d hy thp 
volume of medium (500 cc). Frœn this vortex system the s 
for several mediums were determined and are shown in Table 4. 
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V/hen sodium sulfate or whey powder was added to water the 
mass transfer coefficient as measured by vortex aeration was 
reduced. The last column in Table 4 lists the mass transfer 
coefficients obtained. As mentioned previously the reduction 
in is due to the inhibition of hydrodynamic activity and 
some form of molecular blocking (36). These effects are re­
sponsible for the 18 percent and 10 percent reduction in 
for the 0.25M sulfate solution and the 6.4% solids whey solu­
tion, respectively. 
Although is reduced when sodium sulfate or whey is 
added, the effect of these additives increases the interfacial 
area of the liquid considerably by producing smaller bubble 
diameters. When K^a's for water and sulfate solution ai'e com­
pared for the same conditions of aeration in the draft tube 
aerator involving gas dispersion, the sulfate K^a is nearly 
twice as large as that for pure water. This comparison was 
made in run numbers 60504 and 60907 shown in Table 6. If it 
is assumed that there is an 18% reduction in for the aerated 
sulfate solution, the increase in interfacial area is 2.6 times 
that of water. In practice, waste streams contain high con­
centrations of dissolved salts which are capable of producing 
larger interfacial areas than obtained with pure water. Thus 
the aeration efficiency, 2.13 lbs of oxygen per hp-hr, ob­
tained by aerating 0.25M Na^SO^ (Table 6) should be used for 
comparison with different aerator types. Generally speaking 
this efficiency is about the same as those obtained from 
Tabid 6. Effect of foam recycle and pure oxygen on aerator performance, depth 28" 
Medium 
with air 
W e l t e r ^  ID 1250 0. 17 3 1. 216^ 1. 11 60504 
_ a 
0.25M SO4 ID 1250 0. 178 2. 606^ 2. 13 60907 
0.25M SO^ (O.OOIM ID 1250 0. 183 0. 001438^ 4. 98 60602 
whey + S. fragilis^ 7D 1250 
• 
191 1. 770^ 1. 31 71402 
whey + S. fragilis^ 7D 1250 
• 
191 1. 381^ 1. 05 71404 
;h pure oxygen 
0.25M SO^ (.OOIM ID 1250 0. 183 0. OO6O4C 26. 85 61101 
whey + 0.75M 80^(0.002M 
Co++)d 
7D 1250 
• 
245 0. 0102^ 25. 80 70901 
whey + 0.75M S0^(0.002M a 
Co + + ) 
7D 1250 
• 
245 0. OO794C 26. 52 71001 
Without recycle. 
'^Value of K^a in min"^. 
"Sulfite oxidation values K^aC* in moles Og/liter/min, 
\7ith recycle, Ah = 0.5 inches. 
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turbine aerators, but about half the efficiency of diffused 
air and surface aerators, based on the non-steady state reox-
ygenation method without foam. 
The effect of simultaneous chemical reaction can be seen 
in Table 4 by comparing runs 71702 and 70101. For these two 
solutions of nearly the same physical properties the reaction 
of the sulfite ion with dissolved oxygen increases the overall 
rate of absorption by a factor of six. The same comparison 
for the induced draft aerator can be made on runs 60907 and 
60602 in Table 6. However, for the case of the bubble aerator, 
the increase in the absorption rate due to chemical reaction 
was not as great as that noticed in the simple vortex aerator. 
In the case of the vortex aeration unit the oxygen partial 
pressure was constant whereas the partial pressure continually 
decreased in the rising bubbles of the induced aerator reducing 
the absorption and reaction driving forces. Thus the increased 
overall rate of absorption due to chemical reaction in the 
bubble aerator was not as large as that observed for vortex 
aeration. Because the mass transfer rate can be increased so 
significantly by simultaneous chemical reaction, comparisons 
between various types of aerators should not involve methods 
employing rapid chemical reaction. Eckenfelder (1) suggests 
the use of the non-steady state reaeration with electrolytes 
as a standard method for equipment comparison. 
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Effect of Foam Recycle on Aerator Performance 
Sulfite oxidation in a whey medium and oxygen utilization 
by ^  fragilis on whey were used to determine the effect of 
foam recycle on K^a. Table 6 shows the performance of the 
aerator with and without foam recycle using air and pure ox­
ygen. 
Sodium sulfite reacts rapidly with dissolved oxygen in 
the presence of cobaltous ions. In fact the reaction rate is 
so fast that under some conditions the absorption rate does 
not depend on the rate of physical absorption or on the hold­
up in the aerator. These conditions occur in the fast reaction 
regime, according to Astarita (12). Table 1 lists the condi­
tions that the reaction system must fulfill for this chemical 
absorption regime. The conditions are that: 
These conditions lead to: 
For the conditions employed in the experimental tests of the 
present investigation (0.25M SO^ and O.OOIM CoSO^) the inequal­
ity was shown to hold. The values used were: = 2 x 10"^ 
cm /sec, k = 37,000 sec = 0.0076 cm/sec, b^ = 0.25M, 
Cq = 2.34 X 10"\, and q = 2. 
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The fast reaction regime has been used by some investiga­
tors for the determination of interfacial surface area. How­
ever, this regime was not used to measure interfacial area but 
rather to determine a relative difference in interfacial areas 
obtained with and without the recycling of foam, without the 
interference of hydrodynamic properties and amount of hold-up. 
The increase in K^a achieved by recycling foam is accom­
panied by a cost of higher power input. However, the effi­
ciencies remain about the same. The main advantages of foam 
recycle are: 1. the way it encourages foam breakage, thus 
controlling foam without the excessive use of antifoam, and 
2. that it increases the oxygen absorption rates and mixing 
while maintaining power efficiency. 
When pure oxygen is used to provide oxygen to the broth, 
foam formation is very small and can be controlled with the 
recycle tube without the addition of antifoam. Air, however, 
with its diluent nitrogen has too great a foam formation rate 
to be controlled completely with the recycle tube at the air 
flow rates investigated. Thus a slight amount of antifoam 
was necessary. 
On a qualitative basis adequate foam control can be anal­
yzed by making a material balance on gas input, gas output, 
and gas utilization. Consider the following volume rate 
variables : 
= Volume of fresh gas per minuta 
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Vg = Volume of exhaust gas per minute 
Vq = Volume of oxygen absorbed per minute 
Vp = Volume of product gas released per minute. 
At equilibrium the rate of volume addition must equal the rate 
of volume exhausted, for example: 
+ Vp - Vo = Vg (36) 
If the foam is so stable that no breakage occurs, Vg 
would be zero and the rate of foam formation would be equal 
to the left hand side of Equation 36 and no adequate foam 
control is possible. Consequently, foam control can be 
achieved only if the rate of foam breakage Vg is equal to the 
net rate of gas addition. 
If pure oxygen is used V^ can be reduced by a factor of 
approximately 5 to obtain the same amount of oxygen transfer 
from air, thus greatly reducing the need for antifoam. To 
put it another way if V^ is the same for pure oxygen as it is 
for air, the rate of oxygen absorption V^ is increased by 
about 5 times, again reducing the need for antifoam. A five 
times increase in absorption efficiency can be realized using 
pure oxygen instead of air at a given flow rate, V^. The 
practical use of pure oxygen may not be far away. A recent 
article cites the economic use of ozone for waste treatment 
(75), and also, the Linde Division of Union Carbide is cur­
rently testing the feasibility of using pure oxygen in aerobic 
waste treatment on a large scale with the support of the 
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Federal Water Pollution Control Administration. 
It was observed that foam control can be achieved with 
recycle using much less antifoam than without recycle. Quan­
titative numbers however were not determined. The addition of 
antifoam made the foam layer much more mobile thus permitting 
foam spillage and recycle. Although the foam layer itself 
could be recycled and controlled, greater efficiency was ob­
tained by recycling the surface liquid and the foam layer 
using a 6h of 1/2 inch. 
The reason why less or no antifoam agents are necessary 
when using foam recycle may be due to the reduction in the 
foam layer height. Th' height reduction limits the formation 
of a drier and more stable foam which could form if allowed. 
The rapid movement of the liquid at the foam-liquid interface 
encourages the wet foam to break on the surface and in the 
vicinity of the recycle tube. Rapid acceleration of the fall­
ing foam during recycle and shear stresses at the impeller are 
also responsible for the increase foam breakage rate. 
Saccharomyces fragilis Fermentation in Cheese Whey 
Several scouting observations were made by growing S. 
fragilis on cheese whey including: growth rate curves at 
various seeding concentrations; COD of samples before and 
after the growth; and nutrient concentrations of samples before 
and after the growth. 
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Growth rate curves were determined for S_^ frag il is on 
unfiltered cheese whey using turbidity measurements. All 
samples were diluted by a factor of 200 and turbidity recorded 
in Jackson Turbidity Units using a Hach Model 1860 Laboratory 
Turbidimeter. 
An ^  fragilis seed culture was prepared in nutrated 
Teklac cheese whey under sterilized conditions in a shaker 
flask from a fresh slant culture and allowed to grow for 16 
hours. It was immediately transferred to other flasks at 10%, 
20%, 30% and 40% seed levels. The growth in each flask was 
followed by turbidity and results are plotted in Figure 23. 
The growth rate can not be accurately determined from these 
curves due to the non-calibrated scale, however, the doubling 
time for ^  fragilis is about 1-1/2 hours. These curves can 
be used for seed flask preparation. A lag time of approximate­
ly 30 to 60 minutes is noticed for each sample. 
COD and nutrient concentrations were determined at the 
beginning and end of the growth cycles (12 hours) for each 
seeding concentration with the results shown in Table 7. It 
is anticipated that the COD and tte change in nutrient concen­
trations will be quite different from the values shown in 
Table 7 under conditions of intense aeration. However for the 
conditions of the shaker cultures, Table 7 shows a 73% reduc­
tion in soluble COD. 29% rpriunti on in SI % reduction 
in ammonium, 43% reduction in phosphate, and 43% reduction in 
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Time (hours) 
Figure 23. Saccharomyces fragilis growth rate in cheese whey 
for shaker flask cultures at various seeding levels 
9S 
Table 7. Before and after soluble COD's and nutrient concen­
trations for fragilis in cheese whey shaker cul­
tures at 30°C^ 
COD K+ SO^ 
Before seeding 53,200 5760 3260 5810 7815 
After 12 hours growth: 
10% seed 44,700 3920 1830 3390 5273 
20% seed 22,400 4000 1790 3480 5778 
30% seed 15,720 4080 1620 3242 5475 
40% seed 14,500 4080 1580 3340 4424 
^All values in mg/liter. 
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sulfate ions. It is not known what the critical nutrient 
concentrations of these ions are. A study on the. kinetics of 
growth for the fragil is-cheese whey system could deteiroine 
the critical concentrations necessary for maximum growth. If 
such a study is undertaken it should be done under controlled 
conditions of aeration maintaining a constant dissolved oxygen 
level. 
100 
SUMMARY 
Design and scale-up of aerators is difficult, even when 
much is known about aerator performance. The understanding of 
basic operating mechanisms is therefore beneficial and necessary 
for design. This investigation provides the basis for under­
standing the performance of an induced draft aerator with foam 
recycle, the results of which are summarized below. 
1. The point at which air dispersion just begins, the 
critical impeller speed, N^, is proportional to the depth and 
independent of medium density and viscosity, i.e. cC depth. 
2. The air flow rate, G, is proportional to the square of 
the impeller speed, N, minus the square of the critical impel-
2 ? 
1er speed, i.e. G cC N - . 
3. The volumetric mass transfer coefficient, K^a, is 
proportional to the air flow rate, i.e. K^a cC G. Since Calder-
bank and Moo-Young (26) found the is independent of bubble 
size and agitation intensity, the specific interfacial area, a, 
is proportional to the air flow rate, i.e. acC G. The conclu­
sion reached from this proportionality is that the bubble diam­
eter is independent of the agitator speed. 
4. The air flow rate is proportional to the power per 
unit volume when no liquid is recycled, i.e. GocP/V. 
5. The air flow rate per unit power reaches a maximum 
with some aegree or recycle. 
6. Increased liquid viscosity and density increase the 
101 
power requirement. 
7. Increased liquid density and viscosity reduce the air 
flow at a given impeller speed. 
8. Foam recycle reduces or eliminates the need for anti-
foam while increasing the volumetric mass transfer coefficient. 
The increase in power necessary to recycle the foam balances 
the increased rate of oxygen transfer thus providing the same 
efficiency but at higher oxygen transfer rates. 
9. The aeration efficiency for the induced draft aerator 
investigated was found to be 2.13 lbs Og/hp/hr at an oxygen 
absorption rate of 19.5 mg/liter/min (without recycle) in a 
0.25M sodium sulfate solution. This efficiency is comparable 
to turbine aerators but is about half that obtained in diffused 
air and surface aerated systems. 
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RECOMMENDATIONS 
1. The amount of antifoam (if any) necessary to promote 
adequate foam breakage in whey is not known for different 
aeration rates. The reduction in antifoam requirement offered 
by foam recycle should be established for different air and/or 
oxygen flow rates. 
2. Using the existing equipment, the effect of various 
shapes of impellers on aerator performance should be investi­
gated to improve efficiency. 
3. The growth rate kinetics of ^  fragilis should be in­
vestigated with special attention being given to the effect of 
oxygen concentration on growth rate and the utilization rate of 
cheese whey. 
4. The optimum ratio of impeller diameter to tank diam­
eter depends on the impeller submergence. A study to determine 
the optimum ratio, based on the maximum interfacial area per 
unit power, should be undertaken. 
5. Based upon the results of the present work and results 
of the previous four recommendations, an economic feasibility 
study should be made for the use of this type of aerator in 
the treating of cheese whey. 
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NOMENCLATURE 
a = interfacial area per unit volume of liquid 
= bulk liquid concentration of reacting speicy 
C = concentration of solute at any time in bulk liquid 
C* = equilibrium solubility of gas in liquid 
C = fraction of oxygen saturation 
C = equilibrium reactant concentration in bulk liquid 
C = equilibrium concentration of solute at interface 
o 
C = psuedo bulk concentration 
o ^ 
D = diameter of bubble or organism 
= diffusivity of solute in liquid 
= impeller diameter 
D = mean bubble diameter 
P 
E = liquid expansion factor 
E^, Eg, Eg, E^, E^ = exponents 
g = acceleration due to gravity 
G = gas flow rate, WM 
H = gas hold-up 
H = Henry law constant 
k = reaction rate constant 
k = specific oxygen utilization 
V \r . \r . — n nn « +- an t- c 
kg = gas side mass transfer coefficient 
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= liquid side mass transfer coefficient 
K_ = overall mass transfer coefficient in liquid 
= mass transfer coefficient without reaction 
K-^a = volumetric mass transfer coefficient in inverse minutes 
L = length of torque arm 
M - molarity, gram moles/liter 
n = order of reaction 
N = impeller speed 
N = viable cell concentration 
= critical impeller speed 
- Grashof Number g/^c ) 
= Rayleigh Number (D^ AP g/AcD-^) 
Ng^ = Schmidt Number (>^c/^/D^) 
= Sherwood Number (K^D /D- ) 
bU 1, p 1 
? = power 
?_; = partial pressure of oxygen in input stream 
- partial pressure of oxygen in output stream 
q = stoichiometric coefficient, mole of reacting specie in 
liquid per mole of gas 
r = rate of reaction 
S = rate of surface renewal 
t = t ir.ie 
t* = life o^ surface elements 
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tj^ = diffusion time 
t = reaction time 
r 
T = temperature, degrees centigrade 
V = specific rate of mass transfer, mass/unit time/unit area 
V = volume of liquid 
VVM = volume of gas per volume of licuid per minute 
= volume of fresh gas per minute 
Vg = volume of exhaust gas per minute 
VQ = volume of oxygen absorbed per minute 
Vp = volume of product gas released per minute 
X = distance from interphase in mass transfer zone 
X = exponent 
y B exponent 
S = film thickness 
Ah = difference in height between the liquid level in the 
aeration tank and the recycle tube height 
6H = liquid head 
AP = difference in density between the continuous phase and 
the dispersed phase 
IT = constant 3.14 
= density of continuous phase 
= density of dispersed phase 
= surface tension 
^ = liquid volume per unit interfacial area 
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viscosiry of continuous phase 
viscosity of dispersed phase 
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APPENDIX 
Sulfite Analysis by lodometric Titration 
lodometric titration is a popular analytical technique 
used to detect oxidizable ions in solution. It is used as a 
standard method for determining the concentration of sulfite 
ions in industrial waste water (61, p. 300). 
For this method a 0.2N iodine solution was made up in a 
1 liter flask using: 
14.27 gms reagent grade KlOg 
66.4 gms reagent grade KI 
0.5 gm reagent grade NaHCO^ 
A second solution O.IN thiosulfate was made up by dissolving 
24.82 gms of reagent grade Na2S202*5H20 in water using a one 
liter flask. The thiosulfate solution was standardized by 
titration to the starch point with a dried sample of potassium 
iodate with excess potassium iodide and HCl added. 
Before beginning a sulfite oxidation run, the thiosulfate 
solution was standardized and a blank water sample was run. 
The sulfite and blank samples were run the same way using the 
following procedure. Five ml of 0.2N iodine solution were 
first /ipetted into a clean 250 ml flask. Next 5 ml sulfite 
sample (or water blank) were pipetted into the stoppered iodine 
solnf'on takxnçf carp, to rpdnrp tho fn the ?ir. Ten 
ml of 1'.5 HCl were immediately added to liberate the iodine. 
The flask was stoppered and shaken and allowed to react for 
one minute. 100 ml of water were then added to the flask 
providing more volume to prevent the precipitation of iodine. 
The stoppered flasks were titrated at the end of the oxida­
tion run. The sulfite concentration was then calculated from 
the difference in the volume of thiosulface added to the 
blank and test sample times the normality of the solution. 
